Abstract-Complete atrioventricular block (type III AVB) is characterized by an absence of P wave transmission to ventricles. This implies that QRS complexes are generated in an autonomous way and are not coordinated with P waves. This work introduces a new algorithm for the detection of P waves for this type of pathology using noninvasive electrocardiographic surface leads. The proposed algorithm is divided into three stages. In the first stage, the R waves located by a QRS detector are used to generate the RR series and time references for the other stages of the algorithm. In the second stage, the ventricular activity (QT segment) is removed by using an adaptive filter that obtains an averaged pattern of the QT segment. In the third stage, a new P wave detector is applied to the residual signal obtained after QT cancellation in order to detect P wave locations and get the PP time series. Eight Holter records from patients with congenital type III AVB were used to verify the proposed algorithm. Although further improvements should be made to improve the algorithm's performance, the results obtained show high average values of sensitivity (90.52%) and positive prediction (90.98%).
INTRODUCTION
An atrioventricular block (AVB) is a cardiac pathology in patients with deficient conduction in the atrioventricular system (AV) and His-Purkinje bundle. Depending on its intensity, the block is classified in three grades: I, II, and III. Type I AVB is characterized by a PR elongation above 0.2 s (typical duration is considered to be between 0.12 and 0.2 s). Electrophysiological studies have determined that type I AVB is caused by a delay in the AV node conduction or in the His-Purkinje bundle, or in both. Type II AVB is characterized by failures in the cardiac conduction system causing some P waves not to be transmitted; therefore, QRS complex is not generated. In type II pathology, the PR segment gets longer and longer until the P wave fails to appear. Type III AVB implies a total absence of conduction in the AV system. There is no transmission to the ventricles for P waves, and the QRS complexes are generated in an autonomous way that is not coordinated with P waves 6 ( Fig. 1 ). This type III AVB can be acquired or congenital. When it is acquired, it might appear after a heart attack, medical intoxication, or other factors. 21, 26 Congenital complete AVB has an incidence of 1 in 20,000 live born infants. 19 During childhood some children are asymptomatic, but most of the patients need implantable pacemaker therapy when they are adults. 20 In this pathology, the activity of secondary pacemakers is modulated by extrinsic factors. The analysis of the ventricular rate variability permits the study of the mechanisms implied in its control. 3, 11 If both, atrial and ventricular rhythms are known (PP and RR series), the analysis of atrial rate variability and its relationships with ventricular variability can be studied for this pathology.
There are few works on detecting auricular activity in type III AVB, due to its low incidence. 19 In this pathology, P wave and QRS-T generation are independent. 9, 24 Therefore, P-wave detectors based on relative positions between R and P waves cannot be used. 13, 25, 27 Esophageal or intracavitarial electrodes have been used to obtain an isolated atrial activity that allows the P wave 11 to be detected. When noninvasive electrocardiographic surface leads are used (as in Holter records), other techniques such as pattern detection fail when the P wave is overlapped with the QRS complex or the T wave.
From the point of view of signal processing, the detection of atrial activity in type III AVB is similar to the problem of extracting the fetal ECG (FECG) from noninvasive abdominal records. In FECG, maternal and fetal heart electrical activities are independent, and the objective is usually to detect the R wave in the FECG signal. Techniques such as blind separation sources (BSS) or independent component analysis (ICA) have been applied to this problem. 32 Another approach is to cancel the unwanted contribution of the signal, obtaining the residue signal. In FECG, the unwanted signal is the maternal ECG; in type III AVB, the unwanted signal is the ventricular activity. Then the desired component can be detected. Adaptive filtering, 7 subtraction of an abdominal maternal averaged pattern 1 as well as mixed techniques 8, 16, 18 have been applied.
The aim of this work is to develop a P wave detector for type III AVB using noninvasive electrocardiographic surface leads. The paper is structured as follows; ''Materials and methods'' section describes the ECG records used for the analysis and the methodology for the proposed algorithm. ''QT Pattern Cancellation'' section shows the method used for QT cancellation. ''P Wave Detection'' section shows the P wave detector. ''Results'' section reports the obtained results, and the last section states the conclusions.
MATERIALS AND METHODS

Patients and Acquisition
For this study, eight Holter records from patients with congenital type III AVB were used. These records were obtained from several local hospitals and are protected under the Spanish data protection law. Their ages ranged from 3 to 36 years (mean: 13, standard deviation: 10). All the records had narrow QRS escape rhythms. No cardiac anatomical malformations associated with AVB were detected, no cardioactive drug treatment was administered, and no pacemakers were implanted.
The cardiac signal was recorded using Tracker and SpaceLabs Medical magnetic recorders. The records were 24 h long (mean: 26.06, SD: 0.82). The recorded tapes were read using a Pathfinder II (Reynolds Medical, Irvine, CA, USA) analyzer connected to an acquisition board ICPDAS 1202 (ICPDAS Co., Taiwan). Signals were sampled with 12-bit resolution at a sampling rate of 1 kHz. 3 Two leads were acquired for every record. However, in this work the algorithm was applied to the best signal-to-noise ratio (SNR) lead, which was determined by visual inspection. The data were divided into estimation (training) and evaluation (testing) sets, containing four records each one. Proposed Algorithm P wave detectors usually use the relationship between the P wave and the QRS complex during normal cardiac rhythm, 13, 25, 27 applying a search window to the left side of the QRS complex. However, since atrial and ventricular activities are not related in type III AVB, the P and the R waves are not related, either. Thus, P waves might be overlapped with QRS or T waves, and, a traditional P wave detector cannot be used in this case.
The proposed method detects P waves in the residual signal obtained from the cancellation of the ventricular activity (QT segment). As mentioned above, this approach has been used for maternal ECG cancellation in abdominal fetal electrocardiogram records 1 where a maternal averaged pattern is obtained from the abdominal signal by using an appropriate reference signal. This way the maternal contribution is removed and the residual signal is obtained. The residual signal contains mainly fetal contribution, and fetal QRS complexes can be located with an appropriate algorithm. The method proposed is analogous: the QT segment would be related to maternal contribution, and the P waves would be related to fetal QRS complexes.
The proposed stages to obtain the RR and PP series in type III AVB records are the following (see Fig. 2 ):
1. The record is divided into segments; every segment is t_segm duration. After segmentation, the segments are pre-processed. 2. A QRS detector is used for R wave positioning in the pre-processed signal. R wave positions are used by the QT pattern canceller to locate the pulses to be averaged. They are also used by the P detector to locate the QRS residues. Furthermore, the R detector provides the RR time series. 3. After QT segment cancellation, the residual signal is obtained. The P wave is localized in the residual signal using a P detector, and the PP time series is calculated.
Let us describe each module.
Preprocessing
As a previous stage for the P wave detector, all the records are preprocessed in order to eliminate baseline wander and power line interference. An interpolated finite impulse response (FIR) filter with lineal phase was used to extract these kinds of interferences. 30 The output of the filter is subtracted from the original signal to cancel the interferences.
R Wave Detector
A QRS detector proposed by Pan and Tompkins 23 and modified by Laguna 17 was used. The detector is based on an adaptive threshold in the ECG amplitude that has been previously filtered with a band-pass filter (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
QT PATTERN CANCELLATION
The procedure implemented for QT pattern cancellation is called adaptive impulse correlated filter (AICF), which was proposed by Thakor 18 Another cancellation technique like the one described by Stridh and Sornmo 28 cannot be used because it needs three leads.
The AICF algorithm is based on the periodic nature of ECG. Therefore, averaging techniques are used to perform a noise reduction. As the cardiac rhythm is not constant, some references are needed for pulse averaging. These references are generated from the QRS complex detector. Figure 3 shows a block diagram for the proposed QT segment cancellation. The AICF is an adaptive filter 31 that is based on the least mean square algorithm (LMS) where the desired signal (here called preprocessed signal), d(n)), is obtained after the preprocessing stage. The reference signal, x(n), for this adaptive filter structure uses a 0 value sequence except in specific samples called regeneration times 7 where the value is 1. Regeneration times are located at a fixed number of samples (La) before the QRS. A different method 2 includes a delay block of La samples in the d(n) signal before the subtraction of the adaptive filter output signal (y(n)), which is equivalent to the proposed method here. Thus, the regeneration times are placed in the positions given by the QRS complex detector.
The proposed adaptive filter behaves like an exponential averager. The adaptive filter coefficients store an averaged version of the signal. 16 The adaptive filter length is essential for this application because the averaged pattern is the signal that begins with the regeneration times and has a length that is equal to the filter length. Obviously, the filter length must be lower than the RR interval so that no overlapping between ECG pulses exists.
The adaptive filter output, y(n), is subtracted from the original signal in order to cancel the contribution of the existing QT segment. In the AVB pathology, P waves have an independent rhythm; therefore, the averaging process will attenuate such waves in the pattern (they will appear in different positions, depending on the pulse) and will improve the SNR of the subjacent signal, the QT segment. The process is similar to coherent averaging of QT segments, where the segments are averaged by using the QRS complex as reference. This method reduces the noise by a factor of ÖN, with N being the number of averaged QT segments. 15 One of the main advantages of the AICF is the fact that it behaves like an exponential averager, so slow variations in the signal are retained, and thus a better cancellation is obtained.
Since the cancellation algorithm is based on pattern subtraction, the location and correct pattern alignment before performing the subtraction are decisive for the algorithm's performance. The sampling rate also plays an important role. Pattern subtraction techniques provide the best results when the sampling rate is high. For this reason, a 1-kHz sampling rate is used, reducing the low-pass filter effect due to the presence of alignment errors. 12 This fact affects the remaining QT segment contribution in the r(n) signal, which is not only influenced by the correct alignment of QRS pulses, but also by the selected value for the adaptation constant (l) in the adaptive algorithm.
Choosing the Length and the Starting Point of the Pattern to Cancel
The parameters to be defined are the starting point and the length of the pattern to be cancelled. This parameter will set the regeneration times and, therefore x(n). The ends of the QT interval will be automatically determined taking into account the particular characteristics of each record. The procedure is the following:
(i) The RR series is calculated in the segment under study.
(ii) The average heart rate RRav is calculated (the averaged heart rate of the records under study is 45 ± 8 beats per minute. (iii) The length of the pattern is calculated as L = Lqrs + Lt, with Lqrs = 151 ms and Lt ¼ ð0:47 Á ffiffiffiffiffiffiffiffiffiffiffi ffi RRav p Þ Â 1000, with RRav being the average heart rate, (in s) of the studied segment. This value takes into account the normal values of the QRS complexes (0.12 s) 24 which is increased by 0.03 s in order to include isoelectric segments of the ECG. The length of the T-wave takes into account the normal values of the QT segment, which for a heart rate of about 40 beats per minute is 0.49 s in this pathology. 24 (iv) The reference signal x(n) is generated by positioning the regeneration times 75 ms before the location of the R wave marked by the QRS detector. Figure 4 shows a segment of the signal d(n) and the signal x(n). Both signals are the inputs of the proposed adaptive structure. The segment marked with an arrow (L samples) is the one taken into account during the process of updating the weights of the adaptive filter. These segments will be exponentially averaged in accordance with the behavior of the algorithm, and the result will be stored in the adaptive filter weights.
Pattern Subtraction
The process of subtracting the output of the adaptive filter (y(n)) from the original signals can generate discontinuities in the first and last sample of the pattern, since segments of the filter output are equal to zero but their value in the original signal can be different from zero (segments between samples RT i + L and RT i+1 in Fig. 4) . In order to avoid this effect, a linear interpolation in y(n) signal is performed between the end of a pulse and the beginning of the next pulse. Figure 5 shows the diagram of the process. Figure 5a shows the preprocessed signal d(n) and the reference signal x(n). Figure 5b shows the output of the filter y(n), which contains an averaged pattern. This figure shows segments (marked with arrows) in which the output of the filter is zero. Figure 5c shows the residual signal: the dotted line (r nc (n)) indicates that the signal is obtained by direct subtraction, when the discontinuity can be noted; and the solid black line (r c (n)) indicates the resultant signal when linear interpolation is applied between consecutive pulses.
Selection of the Constant of Adaptation
The algorithm used to update the weights of the adaptive filter is the classical LMS, in which the adaptation constant controls the speed of convergence and the stability of the system. 5 An simple explanation of the application of this algorithm to remove noise in cardiovascular signal can be found by Ciaccio et al. 4 In our case, the adaptation constant controls the depth of the average, that is, the contribution of the latest pulses. Since the repetitive component must be cancelled, a linear averaging of the pulses would provide the greatest improvement in the SNR. However, this method requires enormous memory capacity to store all the pulses, and the capability of adaptation to changes in the input signal would be lost. Another possibility would be to use exponential averaging. In this case, high values of the constant give greater importance to the latest pulses, so not only the repetitive component will be cancelled, but also the P waves. Therefore, the selection of this constant is of great importance.
Since the pulse to be cancelled contains the QT segment, but the alignment is performed based on the peak of the R wave, some alignment problems may arise on T wave. This has led the authors to consider different alternatives to determine the optimal adaptation constant, which will be explained in ''Results'' section. Another aspect to be taken into account is to determine whether the selected constant can be used to process the whole record or if it must be modified, since the files are very long.
P WAVE DETECTION
Preprocessing
The residual signal obtained after the cancellation of the QT pattern is mainly composed by the P waves and the residues of the QT segment cancellation (in which the QRS residues sometimes show amplitudes that are equal to or greater than the P waves (Fig. 6b) . In order to improve the SNR on P waves, a preprocessing of the residual signal is performed to reject the superimposed noise and to minimize the effect of cancellation limitations of ventricular activity. Based on the spectral analysis of the signal, the presence of frequency components above 15 Hz are mainly due to QRS residues, while components below 5 Hz come from the contribution of baseline wander and T wave residues. Therefore, in our study, a fourth-order Chebysev type II band pass filter (5-15 Hz) was designed and applied. Then, a zero-phase forward and reverse digital filtering was performed, so the effective order was eighth (Fig. 6c) .
Determination of the Location of P Waves
Application of SNEO After the filtering described in previous section, the components of higher frequency in the filtered residual signal come mainly from the P waves. In our study, in order to highlight the existence of these waves from other components, a nonlinear operator was applied, the Nonlinear Energy Operator (NEO) proposed by Teager and Kaiser.
14 This operation has been used in the detection of spike-like signals because it is very sensitive to instantaneous changes in the energy signal that are frequency-dependant. With this method, the residues of T waves and other undesired components in the signal were minimized. However, since NEO is very sensitive to noise (especially to high frequency noise), the Smoothed Nonlinear Energy Operator (SNEO), which uses a smoothing window, is usually applied. For a discrete signal, x(n), it is defined as 22 W½xðnÞ ¼ x 2 ðnÞ À xðn þ 1Þ Á xðn À 1Þ W S ½xðnÞ ¼ W½xðnÞ wðnÞ where W is the NEO operator, W S the SNEO operator, the convolution operator, and w(n) the smoothing window function. Finally, the absolute value of SNEO (ASNEO) was used. Figure 6d shows an example of the SNEO application on the filtered residual signal. 
Determination of the Detection Threshold
In order to detect the existence of P waves, a threshold was applied to ASNEO. The algorithm initializes the threshold and other internal parameters for each segment, which allows adaptation to changes in the characteristics of the signal. The aforementioned threshold was composed of two terms: the first term is a constant one that is related to an absolute threshold below which the signal is considered to contain only noise. The second term depends on the value of ASNEO in the current segment.
Due to the fact that QRS residues can generate extreme values in ASNEO (which will increase the threshold and prevent the correct detection of P waves), the ASNEO values corresponding to the QRS residues were rejected during the calculation of this second term. To achieve this, the ASNEO sequence (in which the sections around the R mark were eliminated) creating the eSNEO signal:
with vR being the rejected window in both sides of the R annotation, R i being the annotation corresponding to the ith R wave, and numR being the number of detected R. Finally, the expression used for the ASNEO threshold (TH_ASNEO) is:
The median was used because of its robustness in presence of outliers. Figure 6d shows the threshold calculated from eSNEO, superimposed on ASNEO.
Determination of the Location of P Waves
The procedure to determine the location of the P waves was the following: first, the values of ASNEO greater than TH_ASNEO were obtained. Next, the values that fulfill a separation criterion greater than a selected minimum value that is related to the minimum period between consecutive P waves (tmin_P) were selected. Finally, the maximum of the P wave detected by local search was marked (see Fig. 7a ). In order to correct the possible presence of false positives (FP: detection of nonexistent P waves) or false negatives (FN: lack of detection of real P waves), a criterion based on the normal rate between P waves was applied. The criterion verifies that each P wave is within a search window that is valid with respect to the last detected P. If the coupling is shorter than the expected one, a FP must be eliminated. If it is longer, a P wave has not been detected (FN) and a backward search must be performed to locate it. The backward search uses a reduced threshold to take into account the amplitude differences among P waves. This search was performed only once to avoid the detection of noise.
First, the searching window wP was determined (see Fig. 7b ). The center of the window was determined by the value of the coupling between valid P waves, PP av . The width of the window was related to the maximum variation margin of the P wave coupling that is considered as valid, DPP. For the ith P wave detected, the valid search window wP i was defined as:
The value of the coupling PP av was initialized for every segment and it was updated after detecting a valid P wave. For the estimation of the initial value, the P waves that were overlapped with QRS residues were rejected with the same criterion as in the ASNEO threshold calculation. A subset (eP) was obtained, which was then used in the initialization of PP av :
where P k is the ith P wave detected, eP is the array resulting from the rejection of the P marks that are overlapped with R marks, and numP is the number of detected P waves. The initial value of PP av was calculated as:
where num_eP is the number of elements of eP array. The update of PP av was given by:
For each analyzed P wave, the following results were obtained:
1. P i is in the wP search window: valid P wave (TP: true positive). 2. P i is on the left of the wP search window: false detection (FP: false positive). 3. P i is on the right of the wP search window: not detected P wave (FN: false negative). A backward search was activated once using a reduced threshold value (TH_ASNEO/4).
RESULTS
Automatic Evaluation of the QT Cancellation Process
An exhaustive search for the value of the adaptation constant (l) between 0.002 and 0.2 with increments of 0.002 was conducted to find its optimal value. Two cancellation methods were tested:
1. Using the QT segment as cancellation pattern. 2. Performing a double cancellation. First, the QRS segment was cancelled (aligned with respect to QRS), then the T wave was cancelled (aligned with respect to the T wave).
In method 2, the QRS pulse had a length of Lqrs, and the T wave had a length defined by Lt; therefore, the total pulse length was the same in both cases.
To find the optimal value of l, two estimators were used to quantify the cancellation degree. It is worth noting that the main error source detecting P waves after the cancellation process was due to the remaining contribution of the QRS complex. As Fig. 5c shows, a measure of the cancellation degree is the signal level in this area (see the signal inside the ovals). The defined estimators consist of calculating the signal mean power after the cancellation process:
(i) Mean power of the QRS complex residue, canceling QRS and T separately according to cancellation method 1: res_qrs. (ii) Mean power of the QRS complex residue, canceling QT completely according to cancellation method 2: res_pulse.
For each tested value of the adaptation constant (l), the estimators res_qrs and res_pulse, and a copy of the obtained residual signal were saved. This way, the residual signals for each l value allowed us to verify if the criterion was appropriate. The l value that minimizes the power was selected as the optimum. The calculated values of res_qrs and res_pulse for each segment are shown in Fig. 8 . Figures 8a and 8b calculated for records 1 and 2. The optimal l value was selected taking the minimum in these curves. Once the l optimal value was determined, the algorithm was applied again with this value and the residual signal was obtained. This way each segment was filtered with the most suitable l value.
We noticed that, for values of l above 0.05, the error had few variations for all the records and the behaviors of both estimators were very similar. Figure 9 shows the evolution of the optimal adaptation constant in a 24-h record. Each l value belonged to a record segment. We noticed that l values outside the interval [0.05, 0.1] were due to noisy parts of the record where the QRS detection algorithm failed; thus, the cancellation process did not work correctly.
P Wave Detector
To obtain the reference marks for the record set used, a 1-h length section was selected randomly from each record. These sections were manually annotated by two experts separately. The absolute maximum of the R waves (N = 16,029) and the P waves (N = 34,892) were located and annotated. The sensitivity (S) and positive prediction (+P) were calculated to evaluate detector performance:
where TP, FP, and FN are the number of true positives (TP), false positives (FP), and false negatives (FN) detected by the algorithm.
To adjust the P wave detector parameters, an exhaustive search for these parameter values was performed over the training set of records, and the combination of values where the positive prediction (+P) was maximum, were selected. The maximum +P values were obtained for t_segm = 180 s, vR = 45 ms, k 0 = 6, k 1 = 3, k PP = 0.8, tmin_P = 0.4 s, DPP = 0.2. Table 1 shows final S and +P values for the training and test sets. All values were above 90% in spite of the specific difficulties of this pathology. The limitations of the developed detector can be explained taking into account several factors. First, undetected R waves prevent the AICF and P wave detectors from working properly. In our study, the R wave detector had mean results of S = 99.33% and +P = 98.39%. This indicates that the R detector works very well with normal R waves; however, it does not mark ectopic pulses as such, although the number of cases of this type is small in the set of records. Second, the AICF canceller can produce high residuals when canceling the QT segment, due mainly to two reasons: the first reason is related to the R detector errors, which are the reference entries to the AICF. The second reason is due to important variations in the morphology of the segment to be canceled. Some causes for morphologic variations are the presence of overlapping between the P wave and the QT segment, or variations in the pattern of the QT segment, which impedes an optimal cancellation. Table 2 shows the results from Table 1 in accordance with the detected P waves. Two cases were taken into account for both sets of records: when the detected P wave was overlapped with the QRS residue, and when this overlapping was not present. Global values are also shown as reference. When overlapping existed (which represented about 16% of the P waves in the set of records), an increase of false detections was observed, which decreased the corresponding values of S and +P.
The P wave detector was sensitive to the presence of QT segment residuals because they had high frequency components that were emphasized when SNEO was applied. The error correction of the algorithm, which is based on normal rhythm criteria, failed when the patient's P wave rhythm variability presented strong variations pulse by pulse. When this occurs, the search window, which is located in accordance with the averaged previous rhythm, moves to incorrect positions, producing FP or FN. Figure 10a shows a 10-s segment for record 6. This record gave the best results. The upper plot shows the original signal, and the bottom plot shows the residual signal after the QT segment cancellation. The QRS residues usually had low values and the number of overlappings with P waves was low, thus high accuracy was obtained. The algorithm was able to detect the presence of P waves overlapped with QRS complex (second 2) and T waves (second 9.5), which cannot be easily identified visually. Number of P waves detected by the algorithm (#Detector) and by the expert (#Expert) in areas with and without overlapping between the P wave and the QRS residue. Results for S and +P are mean values over the training, test and total set of records. Figure 10b shows a 10-s segment for register 5. This record obtained the worst results. In this case, the morphology variations of the pattern to be canceled were high, thus the residues of QRS and T wave were detected as false P waves (FP). If a residue was detected and it was a real P wave inside the search window, this P wave was not detected, producing a double mistake. Figure 10c shows a 10-s segment of record 8. Although some of the morphology variations of the pattern to be cancelled were not as important as the previous record, this record showed a large number of overlappings between P waves and QRS segments. Arrows in the plot show the QRS residuals (marked as P: FP) near to the real P waves (seconds 4.2 and 6), which were not detected (FN). Figure 11 shows an example of the RR and PP series obtained using the detector. Note the independence between them which is typical in this pathology: the PP rhythm is much slower than the atrial rhythm.
CONCLUSIONS
This work introduces a new algorithm for the detection of P waves in noninvasive ECG records from patients with type III AVB. In this pathology, P and R waves are not correlated; therefore, conventional P wave algorithms are not suitable. The adopted solution is based on the previous cancellation of the QT segment, and the P wave detection in the obtained residual signal. This approach has been previously tested on similar problems, like the FECG detection in abdominal records.
The results of applying the algorithm for onechannel Holter records showed sensitivity and positive prediction mean values above 90%. These results were similar to other P wave detectors where the P wave and the QRS complex (or the T wave) were not overlapped. 10, 27 The algorithm can be improved especially by reducing QT segment residues. The use of this detector in multichannel records, together with a decision algorithm, would reduce the number of false detections.
Finally, the developed algorithm obtains PP and RR series in type III AVB records, this permits the study of the atrial rate variability and its relationships with ventricular variability for this pathology. study. The authors gratefully acknowledge the critical and helpful advice of the referees to make the paper more clear and concise.
